Osteoporosis is characterized by low bone mass and microarchitecture deterioration of bone tissue, leading to enhanced bone fragility and consequent increase in fracture risk. Evidence is accumulating for an important role of calcium deficiency as the process of aging is associated with disturbed calcium balance. Vitamin D is the principal factor that maintains calcium homeostasis. Increasing evidence indicates that the reason for disturbed calcium balance with age is inadequate vitamin D levels in the elderly. In this article, an overview of our current understanding of vitamin D, its metabolism, and mechanisms involved in vitamin D-mediated maintenance of calcium homeostasis is presented. In addition, mechanisms involved in age-related dysregulation of 1,25(OH) 2 D 3 action, recommended daily doses of vitamin D and calcium, and the use of vitamin D analogs for the treatment of osteoporosis (which remains controversial) are reviewed. Elucidation of the molecular pathways of vitamin D action and modifications that occur with aging will be an active area of future research that has the potential to reveal new therapeutic strategies to maintain calcium balance.
INTRODUCTION
Calcium is the fifth most abundant element in the human body and is essential for life. 1 It has a key role in many physiological processes including skeletal mineralization, muscle contraction, nerve impulse transmission, blood clotting, and hormone secretion. More than 99% of calcium in the body is stored in the skeleton as hydroxyapatite, which provides skeletal strength and is a source of calcium for the multiple calcium-mediated functions as well as for the maintenance of serum calcium within the normal range (8-10 mg·dL
). Less than 1% of calcium is located in the blood, soft tissues, and extracellular fluid. Serum calcium is either protein-bound (~40%), notably by albumin, bound as a complex to small anions (for example, phosphate or citrate;~9%) or in the free or ionized state (~51%). 1 It is the ionized calcium that is available to enter cells and result in the activation of essential physiological processes. Calcium is only available to the body through dietary intake. In the elderly there is inadequate intestinal absorption of calcium combined with an age-related hormonal decline, which results in adverse effects on bone health. [21] [22] The principal function of 1,25(OH) 2 D 3 in the maintenance of calcium homeostasis is to increase calcium absorption from the intestine (Figure 1 ). VDR is expressed in all segments of the small and large intestine and active 1,25 (OH) 2 D 3 calcium absorption has been reported in the distal as well as the proximal intestine. 4 25 However, increased bone turnover and impaired bone mineralization have been observed in TRPV6 null mice that are maintained on a low-calcium diet. 26 Moreover, overexpression of TRPV6 in the mouse intestine results in hypercalciuria, hypercalcemia, and soft tissue calcification, indicating a significant role for TRPV6 in intestinal calcium absorption. 27 In addition, our studies using calbindin-D 9k /TRPV6 double knockout mice revealed that when both genes are absent calcium absorption in response to low dietary calcium is least efficient, suggesting 
VITAMIN D AND AGING
During the aging process, changes occur in many factors involved in the regulation of calcium homeostasis. In both animals and humans there is a decline in intestinal calcium absorption with age, resulting in secondary hyperparathyroidism and bone loss. [2] [3] 32 33 Aging is also associated with a decrease in the intrinsic capacity of the kidney to reabsorb phosphate, which has been reported to be independent of PTH. 47 
VITAMIN D AND BONE HEALTH
Osteoporosis is a systemic skeletal disease characterized by decreased bone strength and increased risk of fractures. Although osteoporosis affects both aging men and women, it is more frequently observed in postmenopausal women. 48 The National Osteoporosis Foundation estimates that one in every two women and one in every five men over 50 will experience osteoporosis-related fractures during their lifetime. 49 The loss of estrogen in menopause leads to a decline in bone mineral density (BMD). 50 It has been reported that not only in women but also in men there is an association between low estradiol levels and increased fracture. [50] [51] Thus, low estradiol is a key factor predicting bone loss in older adults. [50] [51] In addition to low estradiol, low serum 25(OH)D 3 is also associated with adverse skeletal outcomes. 52 The Institute The factors controlling this lack of response are unknown. It has recently been shown that DNA methylation levels of CYP2R1 and CYP24A1 are higher in non-responders, suggesting that the DNA methylation levels of these enzymes involved in vitamin D metabolism may predict which patients will not respond to vitamin D. 57 The current standard recommended daily doses of vitamin D and calcium are 800 IU and 1 000 mg, respectively, for vitamin D-sufficient individuals. 58 Pharmacological treatment for osteoporosis includes bisphosphonates, denosumab (monoclonal antibody against RANKL), and PTH peptides. 59 A combination of alendronate (a bisphosphonate; 70 mg) and 5 600 IU vitamin D3 administered weekly was found to be effective (increased BMD after 12 months) in treating osteoporotic postmenopausal women who had 25(OH)D levels between 8 and 20 ng·mL
, suggesting that correcting vitamin D deficiency may optimize the treatment of osteoporosis. 60 
VITAMIN D ANALOGS AND TREATMENT OF AGE-RELATED OSTEOPOROSIS
Besides pharmacological intervention with bisphosphonates, RANKL inhibitor (antiresorptive compounds), and PTH peptides (anabolic drug, teriparatide), vitamin D analogs have also been studied for possible osteoporosis treatment. However, their therapeutic efficacy in osteoporosis treatment remains controversial. Alphacalcidol (1αOHD 3 ), which is metabolized to 1,25(OH) 2 D 3 in the liver, has been reported to inhibit bone resorption to increase BMD and to reduce vertebral and non-vertebral fractures. [61] [62] [63] [64] [65] Although it is a less effective antiresorptive agent compared with bisphosphonates, it has been suggested that alfacalcidol is superior to vitamin D plus calcium in increasing lumbar BMD. It was reported that serum calcium was not significantly different between the vitamin D plus calcium group and the alfacalcidol group, suggesting similar safety characteristics. 66 Eldecalcitol, 1α25(OH) 2 -2b-(3-hydroxypropyloxy) vitamin D 3 (ED71), which has been approved for treatment of osteoporosis in Japan, is 1,25(OH) 2 D 3 with a hydroxypropyloxy group at the carbon 2β position. Eldecalcitol has a lower affinity than 1,25(OH) 2 D 3 for VDR but a 2.7-fold greater affinity for the DBP. 67 Eldecalcitol has a longer halflife than 1,25(OH) 2 D 3 . It has been suggested that tight binding of eldecalcitol to DBP can explain the longer halflife of eldecalcitol. 68 Eldecalcitol has also shown resistance to metabolic degradation via 24 hydroxylation, which may also contribute to its longer half-life and efficacy. 69 In silico modeling has shown that eldecalcitol does not fit in the active site of CYP24A1 because of the 3-HP group, suggesting a mechanism for its poor metabolic clearance by CYP24A1. 70 Studies in mice indicated that daily administration of eldecalcitol increased BMD, at least in part, by suppressing RANKL expression in trabecular bone. 71 Eldecalcitol has also been reported to reduce the number of osteoclasts while also stimulating focal bone formation in ovariectomized cynomolgus monkeys. 72 In a randomized double-blind study over 3 years in osteoporotic patients in comparison with alfacalcitol, eldecalcitol was more potent in increasing hip and lumbar BMD and reducing vertebral and wrist fractures. Urinary calcium was increased with treatment with both alfacalcitol and eldecalcitol. Eldecalcitol recipients had a greater increase in serum calcium compared with alfacalcitol recipients. [73] [74] It has also been reported that combination treatment of alendronate and eldecalcitol is more effective in reducing bone turnover markers and increasing femoral neck BMD than alendronate, vitamin D plus calcium treatment in Japanese patients with primary osteoporosis. 75 However, close monitoring of blood and urinary calcium is recommended for all patients treated with eldecalcitol. 73 2-Methylene-19-nor (20S)-1α25-dihydroxyvitamin D 3 (2MD) is a vitamin D analog, which was found to act as a bone anabolic agent. In ovariectomized rats, 2MD was reported to increase trabecular and cortical bone mass and to improve bone strength without hypercalcemia. [76] [77] However, in a randomized, double-blind, placebocontrolled trial of osteopenic postmenopausal women, treatment with 2MD for 1 year did not change BMD. 78 It has been suggested that the difference between the rat and human data is because of less resorptive activity in the rat compared with humans. The resorptive effect of 2MD in humans may exceed its activity on bone formation. Vitamin D and aging V Veldurthy et al 4 without affecting serum calcium. 79 Thus, 2MD may be a potent alternative to currently available compounds to suppress PTH in renal failure patients. In summary, although some vitamin D analogs have been useful for treatment of osteoporosis, increased serum calcium remains a concern in countries where there is a greater normal intake of dietary calcium.
CONCLUSION AND FUTURE DIRECTIONS
Vitamin D deficiency is common among the elderly and can result in secondary hyperparathyroidism, decreased bone density, and increased risk of fracture. Correcting vitamin D deficiency is a reasonable approach to help maintain skeletal health and to optimize treatment of osteoporosis. Despite the importance of vitamin D in optimal calcium homeostasis and bone health, a detailed understanding of the mechanisms by which inadequate vitamin D contributes to osteoporosis are not yet known. Future studies using newer technologies, including those designed to provide genome-scale insights into the factors involved in regulating vitamin D genes as well as agerelated changes in co-activator protein and epigenetic regulation of VDR function, will provide important insight into mechanisms involved in dysregulation of calcium homeostasis that occurs with aging. These molecular mechanistic studies will facilitate the development of drugs that selectively modulate vitamin D target genes with therapeutic potential to maintain calcium responsiveness during aging. 
